Introduction
The oxygen minimum zone (OMZ) is a characteristic feature of many oceans, and commonly occurs between approximately 500 and 1200 m depth, although its intensity varies widely between different regions (Zheng et al., 2000; Moffitt et al., 2014; Ohkushi et al., 2013) . Today, the California coast is characterized by the presence of a welldefined OMZ extending between~500 and 900 m depth (Moffitt et al., 2014) . Specifically, the California Margin is a region of natural pH and oxygen variability due to the influence of a strong upwelling system that brings cold, nutrient-rich, low-pH water to the surface, and an underlying OMZ caused by degradation of sinking organic material.
The last 23 kyr in the Southern California Borderland have been characterized by variable climate. The following six time intervals are considered to represent distinct climate regimes or transitions, which are observable in this region: the Last Glacial Maximum (LGM, 23.0-18.0 kyr BP), Heinrich Stadial 1 (17.5-14.7 kyr BP), the Bølling-Allerød (B-A, 14.7-13 kyr BP), the Younger Dryas stadial (YD, 12.9-11.7 kyr BP), the early to mid-Holocene (11.7-4.0 kyr BP), and the late Holocene (4.0 kyr BP to present) (MARGO Project members, 2009; Barker et al., 2009; Rasmussen et al., 2014; Eldevik et al., 2014; Sarnthein et al., 2015) . Late Quaternary paleoceanographic records from the California Margin show that the region has responded to past global climate fluctuations, and also to southern hemisphere and tropical Pacific climate (Hill et al., 2006; Marchitto et al., 2007; Murphy and Thomas, 2010) . These teleconnections are particularly well documented in cores from Santa Barbara Basin, including records from Ocean Drilling Program (ODP) Site 893 (Kennett, 1995) . However, several discrepancies in this region's paleotemperature records exist and are still poorly understood, especially in records representing the late glacial and deglacial time. For example, in Santa Barbara Basin and nearby, sea surface temperatures (SST) estimates, derived from alkenone unsaturation index (UK37) indicate that the LGM was 2 to 4°C cooler than the present (Herbert et al., 2001) . Planktonic foraminiferal δ 18 O records suggest that the LGM was up to 8°C cooler than present (Hendy and Kennett, 1999) , while foraminiferal transfer functions, suggest an even larger LGM-present temperature difference of 11°C (Hendy and Kennett, 2000) . In another example, two different organic geochemical proxies showed differing results for sea surface temperature during Termination 1 (onset at 16.5 kyr BP in the intermediate Pacific, following Stern and Lisiecki, 2014) . U 37 K′ temperatures ranged between ∼ 17.1 and 26.8°C, while TEX 86 H temperatures ranged between 9.8 and 21.6°C (McClymont et al., 2012) . Concerning the OMZ in Santa Barbara Basin, it had changed its position and thickness in the Late Quaternary Moffitt et al., 2014 Moffitt et al., , 2015 due to interactions between local surface productivity, regional circulation, and the degree of ventilation of intermediate waters influencing this region over time. Importantly, records show that climate shifts in Santa Barbara Basin were likely synchronous with stadial-interstadial shifts observed in the Greenland ice core records (Hendy and Kennett, 2000; Dansgaard et al., 1993; Grootes et al., 1993; Moffitt et al., 2014) . Many benthic foraminifera are opportunistic species and rapidly respond to environmental changes (Douglas, 1981; Bernhard, 1986; Bernhard and Reimers, 1991; Sen Gupta et al., 1996; Meilijson et al., 2015) , including changes in the flux of sedimentary organic matter to the ocean floor (Loubere, 1991; Gooday, 1994; Loubere, 1996) and dissolved oxygen concentrations (Bernhard and Reimers, 1991; Sen Gupta et al., 1996; Bernhard et al., 1997) . Benthic foraminifera are highly sensitive to changes in the strength of the OMZ, and fossil assemblages can be used to reconstruct past fluctuations in its strength (Bernhard et al., 1997; Jorissen et al., 2007 and reference therein; Ohkushi et al., 2013; Moffitt et al., 2014) . This sensitivity to environmental change makes benthic foraminiferal assemblages a valuable tool to assess rapidly changing bottom water paleo-oxygen conditions and organic matter fluxes to the seafloor (Bernhard and Reimers, 1991; Kaiho, 1994; Bernhard et al., 1997; Moffitt et al., 2015) .
Santa Monica Basin has been little studied for paleoceanographic reconstruction compare to other sites in the Southern California Borderland. However, Santa Monica Basin is deeper and has a deeper sill depth in comparison to Santa Barbara Basin (SMB: 938 m water depth and 737 m sill depth; SBB: 627 m water depth and 475 m sill 1A and 1B are modified from White et al. (2013) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) B. Balestra et al. Palaeogeography, Palaeoclimatology, Palaeoecology xxx (xxxx) xxx-xxx depth; Emery, 1960) , which may mean that Santa Monica Basin could reflect global and regional climate differently than nearby sites. The goals of this study are to use sediments from ODP Site 1015 to reconstruct benthic environmental changes in Santa Monica Basin, and improve understanding of the region's response to global climate change since the LGM. To do so, we generated foraminiferal oxygen isotope records (δ 18 O) to determine the bottom water temperature, and relate changes in species abundance to climate changes influencing circulation and hence bottom water temperature in the region. We utilized three dominant benthic foraminifera species (Bolivina argentea, Bolivina tumida, Uvigerina peregrina) that have different sensitivities to oxygen level. We determined relative abundance of these three benthic foraminiferal species provide insight into oxygenation in Santa Monica Basin (Jorissen et al., 2007) . We also generated carbon (δ 13 C) isotopic records for the same species to study oxygenation and productivity in the basin, and compared all the data with the Santa Barbara Basin record at ODP Site 893. We complemented foraminiferal data with bulk sedimentary organic matter geochemistry records of total organic carbon (TOC), total nitrogen (TN), their ratio (TOC:TN) and their stable isotopes (δ 15 N, δ 13 C TOC ) to better reconstruct environmental conditions in the basin's bottom water from the Last Glacial Maximum (LGM) to present. We finally compared this study's benthic foraminiferal records with those from Santa Barbara Basin (ODP Site 893, MD02-2503; MD02-2504) and Santa Lucia Slope (ODP Site 1017) ( Fig. 1 ) and thereby add to the regional investigation of the Holocene and deglacial millennial scale climate instability in the Southern California Borderland.
Oceanographic setting
The Santa Monica Basin is located in the inner part of the Southern California Borderland (Fig. 1) . Today, two water masses contribute to the intermediate water off the coast of California. These water-masses are the North Pacific Intermediate Water (NPIW) and the Southern Component Intermediate Water (SCIW). The NPIW is formed in the Bering Sea and the Sea of Okhotsk through sea ice formation (resulting in the production of a dense, saline, cold water-mass) and vertical mixing (Talley, 1991; Honjo et al., 1996) . The SCIW is formed from low latitude modification of the Antarctic Intermediate Water (AAIW). It is a warm, saline and low-oxygen water-mass that flows poleward.
The alternation between these two water-masses (NPIW and SCIW) and the seasonal changes in upwelling strength modify the salinity and the temperature of the waters in the Southern California Borderland basins. The strength of the NPIW and the extent of the OMZ off Southern California are tightly linked to each other and to global climate changes (Behl and Kennett, 1996; . Nowadays, in Santa Monica Basin, bottom-water dissolved oxygen concentration are at or below < 0.1 ml/l (Gorsline, 1992; Komada et al., 2013) . This basin is characterized by a deep sill (737 m; Emery, 1960) , which restricts the inflow and outflow of intermediate waters into the deepest part of the basin (maximum depth 938 m). It is also characterized by high terrigenous sediment supply from several submarine canyons (Hueneme, Mugu and Dume Canyons, Fig. 1 ) that converge in it . Major sources of terrigenous sediment to Santa Monica Basin are the Ventura River, the Santa Clara River and the Calleguas Creek that discharge to the north of the basin (Gorsline et al., 2000; Normark et al., 2009) . Accordingly, in addition to vertical particle flux from the surface waters, sediment delivery to the basin floor also occurs by lateral transport of suspended fine particles (Huh et al., 1990) , as well as in the form of sandy turbidites (Gorsline, 1996; Gorsline et al., 2000) , although ODP Site 1015 is distal relative to the turbidites (Fig. 1) as discussed below.
Materials and methods

ODP Site 1015 and chronology
ODP Site 1015, (33°42.925′N, 118°49.185′W, water depth 901 m) was drilled in the deepest part of Santa Monica Basin to complement the marine sediment archive from ODP Site 893, in the adjacent Santa Barbara Basin (Shipboard Scientific Party, 1997) . Two holes were drilled at this site (A = 149.5 m and B = 98.7 m core lengths) (Shipboard Scientific Party, 1997) . This study focuses on the uppermost 67 mcd (meters composite depth) of the cores spanning the last 23 kyr. Though turbidites occur in parts of these cores (Shipboard Scientific Party, 1997), a detailed study of the turbidites shows that at this distal location, they do not have erosive bases, and thus do not compromise underlying sediments . Sediment samples for benthic foraminifera assemblage and stable isotope analyses were selected to avoid turbidite intervals (these are considered instantaneous events), though bulk sediment organic geochemical samples also include sandy intervals to evaluate the turbidite source.
We generated a new age model using 20 previously published radiocarbon ( 14 C) dates (Normark and McGann, 2004; Romans et al., 2009) , which are based primarily on benthic foraminifera, and some planktic foraminifera (Fig. 2 , Table 1 ). For these previously-published 14 C dates, we applied new locally-appropriate marine reservoir ages and re-calibrated the reservoir-corrected 14 C dates. This correction to previous ODP 1015 chronologies was necessary because previouslyapplied reservoir ages were poorly constrained, and deglacial reservoir ages can vary significantly from recent values, particularly in upwelling regions such as this one. Unlike other studies of Southern California Borderland sites (Hendy, 2010; Hendy et al., 2004; Hendy and Kennett, 2000; Hill et al., 2006; Kennett et al., 2000; Pak et al., 2012) , we did not generate an age model based on tie points to Greenland ice core records. Instead, we used a radiocarbon chronology and a series of plateau-tuned reservoir ages developed for nearby Santa Barbara Basin (Sarnthein et al., 2015) that were tuned to a deglacial atmospheric CO 2 record from Lake Suigetsu, Japan. This allowed us to generate a chronology essentially independent from Greenland ice core records, making it possible for us to evaluate the assumption of previous studies that global climate events in Southern California are coeval with those in the North Atlantic. Based on Sarnthein et al. (2015) , we applied a Holocene reservoir age of 1250 yr for benthic foraminifera samples younger than 9 ka. For older samples, we applied different benthic and planktic reservoir age corrections based on time period (Table 1) . To apply the reservoir ages from Sarnthein et al. (2015) , we calculated a ΔR value (i.e. the deviation from the reservoir age incorporated into the Marine13 calibration curve) for each 14 C date. These ΔR values and their errors can be used in the MatCal 14 C calibration package (Lougheed and Obrochta, 2016) in a Bayesian (highest posterior density) framework. We generated an age model using 19 of the 20 foraminiferal 14 C ages in a routine modified from Obrochta et al. (2017) . One sample (10.01 mcd, 5450 14 C yr BP) was omitted from the age model due to a minor age reversal and the density of surrounding 14 C samples. We assumed the age of the sediment surface to be the year of drilling (1996) , though there is likely sediment missing (as is common with this type of coring apparatus). However, as the first 14 C date is at 0.15 mcd, this only affects the upper 15 cm of the record. We sequentially calibrated ages down the hole using the Marine13 calibration curve (Reimer et al., 2013) and MatCal (Lougheed and Obrochta, 2016) in a 1000-iteration Monte Carlo simulation, as described in Dijkstra et al. (2017) (Table 1 ; Fig. 2) , and linearly interpolated sample ages between dates from this chronology. All ages discussed in this text refer to calibrated ages in years before CE 1950 (cal yr BP) unless otherwise stated.
Foraminiferal stable isotopes
Sample spacing for foraminiferal stable isotopes varied from one every 10 to 50 cm to obtain approximately one sample every~400 yr. The samples were soaked overnight in deionized water, washed over a 63 μm sieve, oven dried at 45°C, and the > 150 μm fraction was examined for benthic foraminifera. Three species, U. peregrina, B. tumida and B. argentea, were used for analysis of stable oxygen and carbon isotopes (δ 18 O and δ 13 C). Between 5 and 20 specimens, depending on the species, were picked for isotopic analysis. Individuals of similar size within each species were used to ensure the least variability based on size (> 150 μm). Foraminifera were analyzed at the Stanford University Stable Isotope Laboratory using a Finnigan isotope ratio mass spectrometer (MAT-252) with a Kiel auto-carbonate device (using an in house crystalline Carrara Marble standard, CM12, calibrated against international standards and NBS-19 crystalline carbonate standards). All the data are expressed in standard delta (δ) notation in per mil (‰) relative to Vienna Pee Dee Belemnite standard and reproducibility (1σ) of the NBS-19 standard is ± 0.106‰ for δ 18 O and ± 0.05‰ for the δ 13 C (1σ) ( Table 2 ; Fig. 3 ). To account for vital effects, we corrected the δ
18
O values by + 0.25‰ for B. tumida relative to U. peregrina, following Kennett (1995) , but not for the other species, as oxygen isotopic values for B. argentea are indistinguishable within analytical error from U. peregrina (Kennett, 1995) . No adjustments were made of carbon isotopic values for any of the taxa (Kennett, 1995) .
Bulk sediment organic geochemistry
We measured total organic carbon (TOC) and stable isotopes of organic carbon (δ 13 N, respectively. TOC and TN analytical precision is 0.1%, and reproducibility based on core-specific replicates is ± 0.1% for TOC and ± 0.05% for TN. We also report the ratio of TOC to TN (TOC:TN), which is converted to a molar TOC:TN ratio by multiplying the weight % ratio of TOC:TN by 14/12. We used these measurements to evaluate organic matter sources and the relationship between organic matter supply and the benthic foraminifera communities (Table 3 ; Figs. 4, 5).
Benthic foraminiferal assemblages
Quantitative analysis of benthic foraminiferal assemblages was carried out in many of the same samples for which stable isotopes have been measured (Table 4 ; Fig. 5 ). The foraminiferal assemblages were analyzed by counting 200 specimens per sample, and foraminifera were identified at the species level from the > 150 μm size fraction. We counted 200 specimens because most samples were dominated by only few taxa and counting more specimens would not have yielded a more robust data set (Phleger, 1960; Revets, 2004) . For this reason, in our record we considered the changes in relative abundance of the three most abundant species of the total assemblage, which together make up > 90% of the entire assemblage: U. peregrina, B. argentea and B. tumida (see Appendix A for Scanning Electron Microscope (SEM) images, and Appendix B for the taxonomic references of each species). We followed the approach of Jorissen et al. (2007) and Moffitt et al. (2014) to reconstruct bottom water oxygenation history using these Fig. 2 . Calibrated age (thousands of years before present (1950)) vs. depth relationship for ODP Site 1015, based on recalibration and revised reservoir age correction (Sarnthein et al., 2015) of 14 C dates of Normark and McGann (2004) ; Romans et al. (2009) . The sediment surface is set at the year of drilling (1996) . Light and dark gray shading around the red linear interpolation line provides 1σ and 2σ uncertainty (respectively), and blue symbols provide the PDF of each calibrated 14 C age. The inset shows sedimentation rate vs. depth.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
B. Balestra et al. Palaeogeography, Palaeoclimatology, Palaeoecology xxx (xxxx) xxx-xxx Reservoir ages based on Sarnthein et al. (2015) .
b Delta R = offset between reservoir age incorporated into Marine13 (Reimer et al., 2013) and this study's reservoir age.
c Omitted due to minor age reversal. three oxygenation marker taxa along with published oxygenation associations. Specifically, we have used these three taxa as indicators of differences in bottom-water oxygenation (Table 5) , based on established calibrations and using previously determined modern associations along the Southern California Borderland Moffitt et al., 2014 Moffitt et al., , 2015 Davis et al., 2016) . To compare our record with existing records in Santa Barbara Basin (MD02_2504; ODP Site 893; MD02_2503) and Santa Lucia Slope (ODP Site 1017) we compared our data to previously published assemblages. For consistency with our data we combined the two suboxic groups of into one group since the oxygen values in ml/l were the same for these two groups, (see Table 1 in . For comparison to existing paleoceanographic literature, oxygen units are given in ml/l for bottom water oxygen concentrations derived from these benthic assemblages.
Results
Chronology
The average sedimentation rate in this core is 2.8 mm/yr for the entire succession, 2.0 mm/yr for the Holocene (0-11.7 ka), and 3.6 mm/yr for the LGM and deglacial period (22-11.7 ka). Two periods of rapid sedimentation (~7 mm/yr) occur (Fig. 2) at~2.4-2.5 ka (4.97-6.06 mcd), and 15.3-17.2 ka (34.20-46.86 mcd), the latter of which corresponds roughly to Heinrich Stadial 1.
Foraminiferal stable isotopes
We analyzed a total of 120 benthic foraminifera stable isotope samples from Site 1015A and B (Table 2 ; Fig. 3A and B) . Most analyses were only on one of the following species: U. peregrina, B. argentea or B. tumida, for each depth interval. However, in 11 samples, two species were analyzed for comparison to establish offsets and allow for direct comparison (Table 2 ; Fig. 3A (Fig. 3A) . The maximum δ 18 O difference between glacial and interglacial extremes recorded in B. argentea, is + 2.7‰ (Fig. 3A ). δ 13 C values range from − 3.0‰ at 21 ka to − 0.3‰ in the Holocene (Fig. 3B) . However, B. tumida δ 13 C values tend to be more negative than those of the other two species and the lowest non-B. tumida δ 13 C values are − 1.8‰ (during the LGM). The maximum δ 13 C change between the glacial and interglacial for a single species is recorded in U. peregrina, and it is~+1.5‰. The δ 13 C record shows its largest increase between~20 and 15 ka, increasing from about − 1.7‰ to − 1.0‰. δ 13 C values increase from the YD and during the early to mid-Holocene (11.7-4 kyr) by~+ 0.5‰, and become more variable during the late Holocene (6 kyr to present) varying between − 1.2 and −0.3‰ as seen in U. peregrina (Fig. 3B ).
Bulk sediment organic geochemistry
We analyzed a total of 256 sediment samples from Site 1015A and B for their bulk-geochemical properties (Table 3; Figs. 4 and 5). These samples included the samples where the foraminifera assemblages and their stable isotopes have been studied. The TOC content of the bulk sediment samples ranges between 0.1 and 4.7 wt%, though values are generally below 2.3 wt% (Table 3 Kennett (1995) . Note that data from the species B. argentea, B. tumida and U. peregrina are presented from both sites (or the subspecies Uvigerina peregrina curticosa for ODP 893), while B. spissa is presented only from ODP 893. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 5E ). The ratio of TOC/TN ranges between 6.1 and 31.1, though values generally vary between 7.5 and 12.5 (Table 3 , Fig. 5F ).
Benthic foraminiferal assemblages
Between 23 and 13 kyr, the assemblage is dominated primarily by the species U. peregrina, with occasional increases in B. argentea, while B. tumida occurs rarely (aside from 15.3 ka). B. tumida abundances increase around 13 ka (at the end of the Bølling-Allerød) and it nearly dominates the assemblage until~9 ka, which includes the Younger Dryas period (Table 4 ; Fig. 5A ). From 9 kyr to the present, the benthic foraminiferal assemblage shows large oscillations. The assemblage is generally composed of varying proportions of only U. peregrina and B. argentea and these two taxa alternate rapidly in dominance (within hundreds of years), except for a period around 1.6 ka when B. tumida briefly dominates.
Discussion
OMZ framework for interpretation
The extent of the OMZ is sensitive to late Quaternary climate change (Moffitt et al., 2015 and references therein) , and it has been suggested that during cool stadials, the NPIW is intensified and young, cool, oxygenated water enters the Borderland , thus producing a weak and contracted OMZ. Conversely, during warm intervals like the present, SCIW is strengthened and the Southern California Borderland is bathed in older, warmer and oxygen-depleted water , strengthening and expanding the OMZ. We will evaluate whether our proxy data from Santa Monica Basin reflect this previously observed regional pattern, as shown in a simplified conceptual diagram (Fig. 6 ).
Benthic foraminiferal δ
O
The Santa Monica Basin δ 18 O data exhibit the characteristic pattern of the latest Quaternary benthic foraminiferal δ 18 O deep-sea records from the LGM to the present day , showing a clear difference between glacial and interglacial conditions and a multi-step change in foraminiferal δ 18 O related to ice volume and temperature changes (Fig. 3A) . To aid in interpretation of the record in Santa Monica Basin, we compare the isotope data with data from the adjacent Santa Barbara Basin, as we expect ice volume effects to be similar at the two sites and offsets to relate to temperature and local salinity differences (Site ODP 893, 576 m depth, Kennett, 1995, Fig. 3C O record in Santa Monica Basin are the 1‰ decrease from the last glacial period during the early B-A, and a total decrease between the LGM and the Holocene of 1.5‰. In comparison, in Santa Barbara Basin it is + 1.6‰ (Kennett, 1995) , meaning the two basins show similar changes in bottom water temperature and salinity. The small difference between the two basins may partly reflect Santa Barbara Basin's shallower depth (about 300 m shallower than Santa Monica Basin). These δ 18 O changes reflect temperature, ice volume, and salinity effects. The more consistent presence of all three-foraminiferal species (in particular, U. peregrina) and higher temporal resolution of the Santa Monica Basin δ 18 O record at Site 1015 make simpler to distinguish late Quaternary climate trends. During the Holocene, we attribute the shifts in benthic δ
18
O predominantly to temperature fluctuations and to a lesser extent to global salinity changes (e.g. little or no ice volume changes) (Epstein et al., 1953; Shackleton, 1974) . The differences between the two adjacent basins may be related to their geographic location and sill depths and thus to the relative influence of different water-masses in the two basins, though δ
O alone cannot fully constrain this.
Benthic foraminiferal δ
C
The Santa Monica Basin benthic foraminiferal δ 13 C record shows variations typical for late Quaternary deep-sea benthic foraminifers, with low values during glacial episodes and higher values during interglacial episodes (Shackleton, 1977; Oppo and Fairbanks, 1990; Kennett, 1995) . However, when observed in more detail the δ 13 C records of Santa Monica Basin and Santa Barbara Basin show somewhat (Fig. 3B and D) . The Santa Monica Basin δ C of dissolved inorganic carbon (DIC)) of the water in different basins, but the impact may vary at different sites due to the differences in sill depth and openness of the basin to surface currents (Goericke et al., 2015; Tschumi et al., 2011) .
One hypothesis that could explain the more negative δ 13 C values of B. tumida at Site 1015 compared to the other species is that this species lives deeper in the sediment than the other two species considered here and therefore receives more regenerated, isotopically depleted carbon, i.e. a species-specific signal. The offset of B. tumida δ
13
C from other species (~0.5 to 1.5‰ lower) is smaller in the Site 1015 record than in Santa Barbara Basin (~1.5 to 2.5‰ lower), making this hypothesis more plausible in Santa Monica Basin. However, the B. tumida δ 13 C data in Santa Monica Basin are quite scattered, and unlike U. peregrina and B. argentea, they do not show a clear pattern, which would be expected if a deeper habitat is the primary explanation for lower δ 13 C values, potentially implying another cause for the offset. An alternative explanation (as previously suggested) is that the δ 13 C of the benthic foraminifera in some Southern California Borderland basins reflects pore water chemistry, as in Santa Barbara Basin (Kennett, 1995) , and the rapid excursions are a result of episodic release of methane from the sediment to the ocean Hill et al., 2006) . During interstadials, warmer intermediate water could have destabilized gas hydrates and activated the release of methane through the sediment. If sediments in Santa Monica Basin also harbored gas hydrates, as is found today (Paull et al., 2008; Normark and McGann, 2004) , then synchronous changes in temperature in the region would have caused simultaneous δ 13 C excursions at both sites and throughout the California margin Hill et al., 2006) . High headspace methane concentrations were found throughout the entire Site 1015 core during drilling (Shipboard Scientific Party, 1997), and given its similar depth, high biologic productivity and similar temperature history fluctuation to Santa Barbara Basin (as observed in the oxygen isotopic record), we expect Santa Monica Basin was similarly impacted by gas hydrate destabilization in the past. Large scale destabilization and release of methane from gas hydrates would imply that benthic infauna in Santa Monica Basin should be exposed to conditions like those in Santa Barbara Basin and should exhibit similar shifts in the δ
C. The finding of very low δ 13 C CaCO3 signatures in some bivalve species in Santa Monica Basin caused by local methane venting (Hein et al., 2006) suggests that such processes could have affected past benthic foraminifera δ 13 C CaCO3 values as well. Kennett et al. (2000) argued that the highly negative values and the magnitude of the stadial-interstadial changes in δ 13 C recorded at Site 893 are too large to be explained by vital effects or foraminiferal vertical migration. These authors suggest that excursions in the δ
C record reflect the presence of biogenic methane in the benthic microenvironments (which contributes to DIC with lower δ 13 C signatures) that cannot be explained by any other mechanism . Hill et al. (2006) , provided direct evidence for increased hydrocarbon seepage associated with deglacial warming in Santa Barbara Basin through the presence of tar in marine sediments, and Santa Monica Basin has also been shown to contain massive gas hydrate occurrences today within sand-rich sediment sequences (Paull et al., 2008; Normark and McGann, 2004) . However, not all the δ 13 C excursions seen in Santa Barbara Basin are recorded in Santa Monica Basin, which may be in part related to the sill depth differences of the two basins. The generally more positive foraminiferal δ 13 C values found in Santa Monica Basin Table 5 Literature-based paleoecological description of the benthic foraminifera considered in this study.
Oxygen environment 
Bulk sediment organic geochemistry
High values of δ 15 N can represent an expanded OMZ with highly respired, low-oxygen SCIW water-masses coming from the south (Moffitt et al., 2015) , but they can also represent an indirect record of organic flux as photosynthesis isotopically fractionates the nitrogen pool, with higher productivity resulting in elevated δ 15 N in residual nitrate (Moffitt et al., 2015) . Additionally, post-depositional alteration of organic matter or denitrification can alter the sedimentary δ 15 N signature. In our record, the δ 15 N values are lower during the LGM and Heinrich Stadial 1 (suggesting a greater influence of NPIW and/or more oxic waters), a gradually increasing trend from~15 to~8 kyr (suggesting an increasing influence of SCIW and expansion of the OMZ), and higher values from 8 kyr to present, suggesting an expanded OMZ from the mid-Holocene to present. This record shows evidence of significant input of terrestrial organic matter that is reflected in the TOC:TN ratios (Fig. 4A ). Usually TOC:TN values between 4 and 10 are indicative of marine organic matter, while higher TOC:TN ratios indicate terrestrial organic matter (Meyers, 1994) . In our case the TOC:TN ratio generally varies between 7 and 12 ( Fig. 5F ) and suggests a combined influence of terrestrial and marine organic matter sources in our samples, (Figs. 4B, 5F ), implying mixing of a terrestrial organic matter source and organic matter derived from marine primary productivity. This suggests that in Santa Monica Basin oxygen concentrations are partially influenced by the input of terrestrial organic matter, as high input of terrestrial organic matter in addition to basin productivity both contributed to oxygen consumption (i.e. hypoxia). A positive linear correlation between TOC and TN (r 2 = 0.72) along which much of the data fall (Fig. 4A) suggests an often-homogenous organic matter source to the sediments (Ruttenberg and Goni, 1997 ) perhaps a somewhat stable mixture of terrigenous and marine organic matter. However, a number of outliers with higher TOC values that deviate from the TOC:TN regression line (to varying degrees) likely suggest periods of high terrestrial input, such as during flooding in the rivers (Santa Clara, Ventura Rivers and Calleguas Creek; Fig. 1 ) that feed the basin's submarine canyons (Hueneme, Mugu and Dume Canyons; Fig. 1 ). Several periods that are strongly influenced by terrigenous organic matter occur around 12.3, 12.7-12.8, 13.4, and 17.0-17.1 ka (24.6-24.7, 25.8-26.3, 28.2, and 45.9-46.4 mcd, respectively) . These results agree with previous work, which showed that Santa Monica Basin is indeed influenced by the influx of organic matter coming from submarine canyons ). Piper et al. (1999) suggested that during times of stable low sea level, Santa Monica Basin received frequent turbidity currents generated by the discharge from the Santa Clara River. The input of such large quantities of terrestrial organic matter could certainly contribute to lowering oxygen concentrations if regenerated in the basin. In addition to changes in intermediate water source and the amount of terrestrial organic matter input, changing surface water productivity (primarily due to the alternating influence of the California Current (cool, fresh, low-pH), the Countercurrent (warm, salty, higher-pH), and upwelled cold, low-pH waters) may also cause changes in the flux and respiration of organic matter to the basin floor, and therefore changes in oxygenation. Unlike in Santa Monica Basin, there are no major canyons delivering sediment to either Santa Barbara Basin or Santa Lucia Slope. This latter site was studied in detailed by Ishiwatari et al. (2000) , who concluded that the organic matter at this site is mostly of marine origin. Thus, it is possible that these two sites record a more direct signal of the changing oxygen concentrations in the intermediate waters, while Santa Monica Basin combines this signal with some varying influence by input and regeneration of reactive terrestrial organic matter, resulting in sometime more basin-specific oxygen concentrations.
Benthic foraminiferal assemblages: paleoecological interpretations and OMZ fluctuations
Several factors can influence the species distribution of benthic foraminiferal communities. Benthic foraminiferal assemblages can respond to changing food abundance and source, temperature and seafloor oxygenation (Jorissen et al., 2007) . While bottom water temperatures can be reconstructed and temperature transfer functions exist, it is difficult to distinguish the significance of the physiochemical parameter of oxygenation from the parameter of organic matter flux (Jorissen et al., 2007; Ohkushi et al., 2013) . For this reason, we chose a marker species approach, focusing just on three species because of known associations of these species with modern hydrographic data in Fig. 6 . Oxygen minimum zone (OMZ) conceptual diagram. A) represents enhanced inflow of the oxygenated North Pacific Intermediate Water (NPIW) during glacial periods; surface waters were depleted in nutrients relative to today, resulting in lower productivity and less oxygen consumption in basin bottom waters due to degradation of organic matter. B) represents enhanced inflow of the low-oxygen Southern Component Intermediate Water (SCIW) during interglacial periods; surface waters had more nutrients than in glacial time. Expansion of the OMZ into both shallower and deeper waters during the SCIW-dominated interglacial periods results in deoxygenation of the bottom waters in ODP Site 1015 and other nearby sites.
this region. Existing work has assigned specific, quantitative oxygen levels to assemblages dominated by each one of these three species, ranging from minor hypoxia (U. peregrina) to intermediate hypoxia (B. argentea) and major hypoxia (B. tumida) conditions (references provided in Table 5) .
Using this approach, we can develop interpretive scenarios following our simplified conceptual diagram (Fig. 6) . We expect that the cool oxic stadials scenario (intensified NPIW and a contracted OMZ; Hendy and Kennett, 2003) would be characterized by the presence of more oxic species (U. peregrina and B. argentea; Fig. 6A) . Conversely, the warm intervals with stronger SCIW (older, warmer and oxygen-depleted water and expanded OMZ; Hendy and Kennett, 2003) , we expect an assemblage dominated by more oxygen-stress-tolerant species such as B. tumida (Fig. 6B) .
Foraminiferal assemblages indicate that the bottom water in Santa Monica Basin alternates between minor hypoxia ([O 2 ] = 1.5-2 ml/l), intermediate hypoxia ([O 2 ] = 0.3-1.5 ml/l) and major hypoxia ([O 2 ] = 0.1-0.3 ml/l) conditions in response to ocean ventilation changes marking the last 23 kyr. Our benthic foraminiferal assemblages are consistent with low-oxygen conditions during warm intervals (temperature is indicated by the δ 18 O record) and higher oxygen during cold stadials. One exception is the YD (12.9 to 11.7 kyr), which is known as a cold period (MARGO Project members, 2009), but the hypoxia-indicating species B. tumida sometimes dominated the benthic foraminifera assemblage during the YD (Fig. 5A) . Interestingly, the δ 18 O data from Santa Monica Basin also do not show a strong cooling during the YD, suggesting that the YD cooling may have been less pronounced in this basin than in neighboring basins, though the reason for that is unclear.
Changes in sediment laminations in cores offshore central and Southern California suggest broad scale ventilation changes related to late Quaternary climate change (van Geen et al., 1996; Lyle et al., 1997; Hendy, 2010) . These fluctuations are intimately related to the strength of the California OMZ, which was enhanced during warm periods and weakened during cool periods Hendy, 2010; Ohkushi et al., 2013; Moffitt et al., 2014 Moffitt et al., , 2015 Tetard et al., 2017) . To better understand the relationship between the different regions of the Southern California Borderland, we have compared the biotic changes recorded in Santa Monica Basin (Fig. 7a) with those recorded in Santa Barbara Basin in several core sites (MD02-2504, Ohkushi et al., 2013, Fig. 7b; ODP Site 893, Cannariato et al., 1999, Fig. 7c; and MD02-2503 Ohkushi et al., 2013, Fig. 7d ) and in Santa Lucia Slope, (ODP Site 1017, Fig. 7e ), taking into account the different sampling resolution adopted in the different sites, and that the uncertainty in age/depth models for the different records used (Andrews and Giraudeau, 2003) would make temporal changes offset by less than a few centuries difficult to compare between sites.
The comparison shows that there are several notable intervals for which the benthic foraminiferal assemblages in Santa Monica Basin, Santa Lucia Slope, and Santa Barbara Basin agree (Fig. 7) . Before the B-A, all the sites show assemblages that are indicative of relatively high oxygenation. This is consistent with an increased influence of northern source waters (NPIW) relative to those originating from the south (SCIW). However, the effect of the low temperature of the water-masses in increasing oxygen content due to increased gas solubility could have also contributed . Around the B-A, all the locations show a significant increase in the abundance of assemblages indicating major hypoxia (decrease in the oxygen), though the timing of this increase varies between sites. Santa Lucia Slope (ODP Site 1017 at 955 m depth) shows higher percentages of intermediate hypoxia taxa throughout its record, suggesting slightly more oxygenated conditions on the open slope than in the more closed basins such as in Santa Barbara Basin and Santa Monica Basin.
During the early Holocene and some of the YD, the assemblage in Santa Monica Basin indicates major hypoxia occurred there from~13 until~9 kyr implying that no significant increases in bottom water ventilation occurred over this time interval. Then from 9 kyr to present, alternating intermediate and minor hypoxia conditions prevailed (except for a brief hypoxic period around 1.6 ka). Santa Lucia Slope shows two intervals of stronger hypoxia around 16-12.5 kyr and 10-11 kyr. During these intervals, the two deeper Santa Barbara Basin sites (ODP Site 893 and MD02-2503 both at~570 m depth) show alternation of major and intermediate hypoxic assemblages . Site MD02-2504 (the shallower site at 481 m depth) is characterized by intermediate hypoxia assemblages , which may be due to its shallower depth and therefore higher oxygen. Considering the sill depth (~737 m) and the major hypoxia periods indicated by the foraminiferal assemblages, it appears that Santa Monica Basin also received waters from the OMZ, and that the basin was never completely oxygenated after the YD and thus maintained the major hypoxia even during some of the YD. Based on the biotic changes observed in Santa Barbara Basin's ODP 893 and Santa Lucia Slope, suggested that during the early Holocene, the California OMZ expanded greatly (see Fig. 6B ). Conversely, these authors suggest that during stadials, the OMZ contracted significantly leaving the shallower Santa Barbara Basin site slightly more oxygenated. For most of the period between~9 kyr and present, (except a brief major hypoxia episode around 1.5 ka) Santa Monica Basin is characterized by alternating conditions of minor to intermediate hypoxia (U. peregrina and B. argentea).
While the presence of intermediate hypoxia can mean transition periods in which the bottom water is influenced by changes in ventilation, the dominance of minor hypoxia can reflect (1) more oxygenated intermediate water and/or (2) decreased organic matter input in the basin (see below). The more oxygenated conditions during cooler episodes likely indicate active intermediate water ventilation of the basin, likely related to increased NPIW production at high latitudes in the north Pacific (Okazaki et al., 2010) , restricted marine biological productivity (Jaccard et al., 2005; Narita et al., 2002) , and consequent weakening of the OMZ . We propose that the fluctuations from minor/intermediate to major hypoxia are less extreme in Santa Monica Basin because it is deeper and more open and because of its southeastern geographic position (i.e. less exposure to the NPIW water-masses), while in Santa Barbara Basin, more extreme oxygen fluctuations are due to its shallow sill and relative isolation due to surrounding islands. Like Santa Monica Basin, Santa Lucia Slope also appears to have less extreme oxygen fluctuations due its more open conditions on the continental slope.
Conclusions
Parallel geochemical and micropaleontological analyses from the ODP Site 1015 have provided new insights into the bottom water and climate conditions of the last 23 kyr in Santa Monica Basin, demonstrating regional similarities and differences, and providing information about the causes for changes in its oxygenation level. We have reconstructed temporal changes in the OMZ strength and recognized its expansion and contraction. These changes are reflected in the benthic foraminifera assemblages and geochemical records.
The foraminiferal δ 18 O and δ 13 C results show a clear difference between glacial and interglacial periods, reflecting both ice volume and temperature changes that are typical for the late Quaternary, and may be more clearly observable than in neighboring Santa Barbara Basin. We hypothesize that input of terrestrial organic matter (from submarine canyons that are fed by rivers) coupled with changes in ocean circulation and marine productivity have influenced the oxygen levels in Santa Monica Basin, while other nearby sites are less influenced by terrestrial organic matter. Bulk sedimentary organic geochemical data from Santa Monica Basin imply that the basin generally receives a relatively stable mix of terrestrial and marine organic matter, but episodic events of dominantly terrestrial organic matter input occur, likely linked to flooding events on land. Our assemblage data record the dominance of low-oxygen benthic foraminiferal assemblages during most warm intervals and assemblages representing higher bottom water oxygen during most cooler intervals. These fluctuations of the benthic foraminifera assemblages and the δ 15 N data are closely related to the strength of the California OMZ and the source of intermediate waters. The OMZ extent was enhanced during warm periods by greater SCIW influence and weakened during cool periods by greater NPIW influence. In the LGM, Santa Monica Basin was generally characterized by the presence of low-hypoxia foraminifera assemblages, reflecting more oxygenated intermediate water and decreased organic matter input in the basin. The period from the mid YD until~9 kyr was characterized by major hypoxia, indicated by higher abundance of B. tumida. Between 9 kyr and present, minor and intermediate hypoxia conditions alternated, representing a weakened OMZ (aside from a brief interval of a stronger OMZ around 1.6 ka).
Comparing the different records, we propose that the entire Southern California Borderland area is characterized by considerable regional variability, induced by the different geomorphology of the basins and by their geographic locations. We suggest that the geomorphological features of each basin (e.g. sill depth, degree of openness and impact of canyons draining local rivers) have influenced the oxygen availability in the region resulting in distinct records at times in the various basins. Santa Monica Basin is the southernmost and the deepest of all the basins considered and thus less exposed to the influence of the NPIW, which could bring quick variations in level of oxygen shown in the two adjacent basins Santa Barbara Basin and Santa Lucia Slope. Nonetheless, large glacial-interglacial climate changes can be observed in the proxies at all sites studied in the Southern California Borderland.
